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(54) Solid electrolyte fuel cell power generating system 



(57). A solid electrolyte fuel cell power generating 
system comprising a solid electrolyte fuel cell (3) con- 
taining an anode, an anode fuel inlet (3c) and an anode 
exhaust gas outlet (3d), a fuel source in communication 
with the anode inlet, a cathode, a cathode oxidant inlet 
(3a) and a cathode exhaust oxidant outlet (3b) t an oxi- 
dant source in communication with the cathode oxidant 
inlet, and means for recycling at least part of an exhaust 



gas stream emanating from the anode exhaust gas out- 
let to the anode fuel inlet. Such means comprise a heat 
exchanger (12) in communication with the anode ex- 
haust gas outlet, a condenser (13) in communication 
with the heat exchanger and a combustor (15) in com- 
munication with the heat exchanger and the anode fuel 
inlet. Preferably, the system includes a reformer in com- 
munication with the anode exhaust gas outlet and the 
heat exchanger. 
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Description 

FIELD OF THE INVENTION 

[0001] The invention relates to a solid electrolyte fuel 5 
cell (hereinafter referred to as "SOFC) power generat- 
ing system which preferably utilizes hydrogen or a gas- 
eous hydrocarbon as the fuel and air as the oxidant. The 
efficiency of the system is significantly improved by re- 
cycling at least part of the exhaust gases which emanate io 
from the fuel cell. The invention is also applicable to 
phosphoric acid and molten carbonate salt fuel cell pow- 
er generating systems. 



BACKGROUND OF THE INVFNTIOM 



CH 4 + H 2 0 * 



CO + H 2 0 - 



► CO + 3H 0 



C0 2 + H 2 



(1) 



(2) 
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[0002] In a typical solid electrolyte fuel cell, power 
generation occurs as a result of the reactions set forth 
below in which the fuel cell utilizes hydrogen or a gase- 
ous hydrocarbon as the fuel and air as the oxidant, while 20 
operating the fuel cell at high temperatures of about 
1 ,000°C. 

[0003] When using methane as the fuel, power gen- 
eration occurs as the result of the following reactions; 

25 



30 



(c) improving energy efficiency by recovering and 
recycling fuel not used for power generation. 

[0007] However, it should be noted that in the course 
of recycling of the exhaust gas which emanates from the 
SOFC, the electromotive voltage decreases at the an- 
ode as the vapor partial pressure increases such that 
power generation efficiency decreases. The problem 
therefore is to provide a method for recycling the ex- 
haust gas emanating from the SOFC operating with hy- 
drogen or a gaseous hydrocarbon as the fuel and air as 
the oxidant at a high temperature of about 1 ,000°C with- 
out any diminution in power generating efficiency. 
[0008] Methods are known in the prior art for recycling 
the exhaust gas, e.g. ejector method, high temperature 
blower method and turbo compressor method, etc. 
However, these methods suffer from several draw- 
backs. Two main disadvantages of the prior art methods 
are; 

1 ) There is a limitation on the amount of a gas to be 
to be recycled to the entrance to the fuel cell anode 
such that the exhaust gas includes a significant 
amount of unreacted hydrogen or gaseous hydro- 
carbon fuel, thus lowering the power generation ef- 
ficiency. 

2) The partial vapor pressure in the anode increase 
during the course of exhaust gas recycling, thereby 
lowering the electromotive force and reducing the 
power generation performance of the fuel cell 



H 2 + m 2 -* H 2 0 (3) 

[0004] Reaction (1) is typically referred to as a fuel 
reforming reaction. Reaction (2) is typically referred to 
' as a CO shift reaction, Reaction (3) is a redox reaction 
which results in the generation of power. 
[0005] If the fuel is hydrogen, only Reaction (3) is ap- 
plicable. If a gaseous hydrocarbon such as methane is 
used as the fuel, it is partially or completely converted 
to a hydrogen-containing gas in accordance with Reac- 
tions (1 ) and (2) before being supplied to the fuel cell for 
power generation. Since H 2 0 must be supplied for Re- 
action (1) and since.H 2 0 is produced in Reaction (3), it 
is seen that recycling of the exhaust gas containing H 2 0 
is desirable, 

[0006] In considering the possibility of recycling the 
exhaust gas which emanates from the SOFC operated 
in accordance with Reactions (1 ) : (2) and (3), the follow- 
ing factors are applicable: 

(a) utilization of a gas in the system for supplying 
H 2 0; 

(b) improving energy efficiency by recovering the 
exhaust heat of the exhaust gas at a high temp r- 
alure; and 



[0009] The particular disadvantages of the ejector 
method of recycling the exhaust gas are discussed be- 
low with reference to Figure 3. The use of a circulating 
35 blower or turbo compressor has been suggested to 
overcome these disadvantages. However, these latter 
two devices are not applicable to a SOFC which oper- 
ates at a high temperature of about 1,000°C, 

40 SUMMARY OF THE INVENTION 

[0010] The present invention overcomes the disad- 
vantages associated with the prior art methods dis- 
cussed above by recycling at least a part of the exhaust 
45 gas emanating from a SOFC back to the fuel cell anode 
entrance via a regeneration heat exchanger and a con- 
denser. 

BRIEF DESCRIPTION OF THE DRAWINGS 
so ' 

[0011] Figure 1 is a schematic view of a first embodi- 
ment of a SOFC power generating system of the inven- 
tion. 

[0012] Figure 2 is a schematic view of a second em- 
55 bodiment of a SOFC power generating system of the 
invention. 

[001 3] Figure 3 is a schematic view of a conventional . 
SOFC power generating system utilizing the ejector 
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method of recycling the exhaust gas. 

DETAILED DESCRIPTION OF THE INVENTION 

[001 4] The solid electrolyte fuel cell power generation 
system of the invention comprises: 

a) a solid electrolyte fuel cell containing an anode, 
an anode luel inlet and an anode exhaust gas outlet, 
a fuel source in communication with the anode inlet, 
a cathode, a cathode oxidant inlet and a cathode 
exhaust oxidant outlet, an oxidant source in com- 
munication with the cathode oxidant inlet; and 

b) means for recycling at least part of an exhaust 
gas stream emanating from the anode exhaust gas 
outlet to the anode inlet, said means comprising a 
first heat exchanger in communication with the an- 
ode exhaust gas outlet, a condenser in communi- 
cation with the first heat exchanger and a first com- 
bustor in communication with the first heat ex- 

»nH thfi anode inlet. 

w, - 

[001 5] The fuel cell (SOFC) design is conventional in 
nature. For example, the fuel may be any of the typical 
prior art designs such as the seal-less tubular design, 
segmented-cell-in-series design, monolithic design, 
flat-plate design, etc. 

[001 6] Preferably, the means for recycling at least part 
of the exhaust gas stream which emanates from the ex- 
haust gas outlet further includes a reformer in commu- 
nication with the fuel source, the anode exhaust gas out- 
let and the first heat exchanger It is also preferred that 
such means additionally includes a second combustor 
in communication with the cathode air exhaust outlet for 
combusting: (a) an oxidant exhaust stream emanating 
from the cathode oxidant exhaust outlet and (b) at least 
part of the anode exhaust gas stream emanating from 
the anode exhaust gas outlet, said second combustor 
also being in communication with a second heat ex- 
changer which is in communication with the oxidant 
source and the cathode oxidant inlet. 
[0017] The fuel for the fuel cell (°SOFC M ) is typically 
hydrogen or a gaseous hydrocarbon such as methane, 
and the oxidant is preferably air. In the case of a meth- 
ane/air SOFC ; inclusion of a reformer between the ex- 
haust gas outlet and the first heat exchanger is desira- 
ble. 

[0018] Preferably, only part, e.g. 20 to 50% : of the ex- 
haust gas stream emanating from the exhaust gas outlet 
is recycled back to the anode inlet. All or part of the re- 
mainder of the exhaust gas stream is combusted, and 
the combustion products are heat-exchanged so as to 
hoat the oxidant, o.g. air, prior to passing the oxidant to 
the oxidant inlet. 

[0019] The method by which the fuel cell power gen- 
erating system operates and recycling occurs may be 
summarized by the following steps: 



a) heat exchanging at least part of an exhaust gas 
stream which emanates from the exhaust gas out- 
let; 

b) condensing the resultant heat-exchanged ex- 
5 haust gas stream; and 

c) recycling the resultant condensate to the fuel in- 
let. 

[0020] In regard to the above-indicated steps, it is pre- 

70 ferred that the fuel comprises a gaseous hydrocarbon, 
such as methane, and the oxidant comprises air. In re- 
spect to a methane/air SOFC, it is preferred that at least 
part of the exhaust gas stream which emanates from the 
exhaust gas outlet is reformed prior to being heat-ex- 

15 changed. It is also preferred that at least part of the ex- 
haust gas stream which emanates from the exhaust gas 
outlet is combusted and the combusted exhaust gas 
stream is thereafter heat-exchanged so as to transfer 
the heat of combustion to the air which is thereafter 

20 passed to the cathode inlet. 

[0021] The SOFC employed in the power generating 
system of the invention will desirably operate at high 
temperatures, e.g. about 900 to 1 ,100°C. Other operat- 
ing parameters of the SOFC are discussed below with 

25 rcforenco to Figure 1 . 

[0022] Figure 1 shows a fuel cell power generating 
system of the invention in the form of a schematic dia- 
gram. The solid electrolyte fuel cell ("SOFC") 3 contains 
an anode (not shown) and a cathode (not shown) is ca- 

30 pable of generating 100 kW at an inlet temperature of 
925°C and an outlet temperature of 1 020°C. and a pres- 
sure of 1 atmosphere. 

[0023] The fuel which may be hydrogen or a gaseous 
hydrocarbon such as methane is admitted to an inlet of 

35 fuel cell 3 through line 10 which is in communication with 
the anode. After power generation, a part of the fuel ex- 
haust gas which exits an anode outlet of fuel cell 3 
through line 3d is recirculated to the fuel cell anode inlet 
entrance 3c via regeneration heat exchanger 12 and 

40 condenser 13. After partial removal of the water from 
the mixed gases in condenser 13, the mixed fuel is re- 
introduced into heat exchanger 12 by circulating blower 
14. The gases are then passed into combustor 15 and 
are combusted therein. Air from tank 16 is fed into com- 

45 bustor 1 5 and the exhaust gases are fed through line 3c 
into fuel cell 3 where power generation takes place. 
[0024] The fuel is fed from a fuel tank through line 10 
at a temperature of 25°C and a flow rale of 17.2 m 3 /h at 
a pressure of one atmosphere and mixed a gas for re- 

so cycling obtained from the combustion exhaust gas from 
fuel cell anode exit 3d. Typically, the make-up of the con- 
stituents flowing into fuel cell 3 will be: methane 4.4%, 
hydrogen 11 .3% : carbon monoxide 29.2%, carbon diox- 
ide 34.05%, water 9.62% and nitrogen 11.3% while the 

55 make-up of the constituents flowing out of fuel cell 3 will 
be: methan 0.0%, hydrogen 8.35%, carbon monoxide 
28,6%, carbon dioxide 34.00%, water 1 8.88% and nitro- 
gen 10.3%. 
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[0025] The oxidant, e.g. air, is supplied from line 1, 
then heated by using combustion exhaust gas from 
combustor 4 which exits from heat exchanger 2 in order 
to preheat the air. The air is blown through the combus- 
tor 4 and heat exchanger 2 and is supplied to fuel cell 
cathode entrance 3a of fuel cell 3 at atmospheric pres- 
sure, The air is initially at a temperature of 25°C and a 
flow rate of 633 m 3 /h prior to entering combustor 4. Air 
and exhaust gas exits from cathode exit 3b of fuel cell 
3 and combustion exhaust gas not used for recycling 
from fuel cell anode exit 3d is supplied to combustor 4. 
The gases exit as exhaust gases through line 5 after 
being heat exchanged in heat exchanger 2 used for pre- 
heating air admitted through line 1. 
[0026] Typically, the air entering heat exchanger 2 en- 
ters at 25°C through line 1 and exits at a temperature of 
925°C. The gases exiting combustor 4 will typically be 
at a temperature of 1170°C and the exhaust gases ex- 
iting heat exchanger 2 will typically be at a temperature 
of 418°C. 

[0027] Typically, in regenerative heat exchanger 12, 
the stream of gases enter at a temperature of 800°C, 
are heat exchanged and enter condenser 13 at 117°c 
and exit at 45 a C. The temperature in condenser 13 is 
typically maintained at 45°C by means of water from 
tank 17. Typically, water vapor is removed from con- 
denser 13 at a rate of 1.88 m 3 /h. If the temperature of 
condenser^ 3 is kept lower than 45°C, a larger volume 
of water vapor can be removed from the condenser. 
Usually, river water, sea water or closed cycle cooling 
tower water is used as the condenser coolant. The tem- 
perature of these water sources range from 15 to 35°C, 
while the temperature of condenser 13 will range from 
about 25 to 45°C. 

[0028] The gases enter combustor 15 at a tempera- 
ture of 780°C and the temperature is increased to 925°C 
' by introducing air from tank 16 at a flow rate of 5.42 m 3 / 
h. The foregoing rates may be varied, e.g. the amount 
of the gas to be recycled may be varied by controlling 
the flow through circulating blower 14. Furthermore, the 
vapor partial pressure of the fuel gas may be varied by 
controlling the operating temperature of condenser 13. 
[0029] It should be noted that in the system shown in 
Figure 1, blower 14 directly determines the flow rate of 
the gas through line 3c. If the flow rate of the blower is 
adjusted to x m 3 /h and the fuel flow rate in line 10 is 
adjusted to y m 3 /h, the recycle ratio becomes x/y, and 
the same flow rate of y m 3 /h will automatically be dis- 
charged to combustor 4. 

[0030] Figure 2 shows a fuel cell power generating 
system of the invention in the form of a schematic dia- 
gram which is similar to that shown in Figure 1 . The prin- 
cipal difference is that in Figure 2, fuel reformer 11 is 
positioned upstream of heat exchanger 12. Thus fuel 
from line 1 0 together with recycled exhaust gas from line 
3d enter reformer 11 wherein reformation reactions are 
fficiently conducted due to the high temperature and 
the high partial vapor pressure of the mixed gas. 



[0031] Without the use of fuel reformer 11, fuel is in- 
troduced into fuel cell 3 without being converted to hy- 
drogen. In such case, vapor generated along with power 
inside fuel cell 3 can be utilized for reformation by means 
5 of the reformation reaction illustrated below. The refor- 
mation reaction is an endothermic reaction in which the 
heat of the cell is absorbed such that a high level of per- 
formance occurs: 



10 



methane + water vapor = hydrogen + carbon dioxide 



[0032] Thus it is seen that by using fuel reformer 11, 
the fuel is reformed to hydrogen and carbon dioxide prior 
« to introduction into fuel cell 3. Therefore, heat will be 
generated inside the cell, necessitating cooling. Heat re- 
quired for the reformation reaction must be supplied 
from the outside. However, exhaust heat can be effi- 
ciently utilized as the requisite heat source. Accordingly 
20 the inside of the cell can be cooled without wasting any 
heat. 

[0033] Typically, the fuel cell power generating sys- 
tem shown in Figure 2 will generate 100 kW at an inlet 
temperature of 925°C and an outlet temperature of 
25 1020°C and a pressure of one atmosphere. In the sys- 
tem in Figure 2, typically, the make-up of the constitu- 
ents flowing into fuel cell 3 will be: methane 0.0%, hy- 
drogen 22.8%, carbon monoxide 25.2%, carbon dioxide 
30.0%, water 10.0% and nitrogen 12.0% while the 
30 make-up of the constituents flowing out of fuel cell 3 will 
be: methane 0.0%, hydrogen 8.35%, carbon monoxide 
28.6%, carbon dioxide 34.00%, water 18.88% and nitro- 
gen 10.3%, 

[0034] Figure 3 shows a conventional fuel cell power 
3S generating system of the invention in the form of a sche- 
matic diagram which corresponds to that disclosed in 
Japanese patent disclosure no. 162135. 
[0035] In Figure 3, gaseous fuel is supplied from fuel 
tank 01 through line 02 to ejector 03 in which the incom- 
es ing gaseous fuel is mixed with part of the recycled ex- 
haust gas fuel emanating from anode exit 04d of fuel 
cell 04 (SOFC) under conditions such that the pressure 
of the incoming gaseous fuel from tank 01 serves as th 
driving force. Mixed fuel is supplied to fuel cell anode 
45 entrance 4c from fuel reformer 06 which is fed by gases 
emanating from combustor 05 to which air is fed from 
supplemental air tank 05a. 

[0036] The recycled fuel exhaust gas includes H 2 0 
formed in fuel cell 04 and such H 2 0 is used for recycling 
50 andfor fuel reformation. Inthe fuel cell power generating 
system shown in Figure 3, the recycled exhaust gas 
stream has a high temperature of about 1,000°C such 
that the sensible heat of the recycled gas is used for 
increasing the temperature of the fuel which is admitted 
ss into ejector 3. 

[0037] The air exhaust gas emanating from a cathode 
exit of fuel cell 04 via line 04b together with that portion . 
of the exhaust gas flowing through line 04d which is not 
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recycled to ejector 03 are fed into combustor 01 0 in or- 
der to heat up the air for the cathode. 
[0038] Supply air is fed from supply air tank 07 
through line 08 to heat exchanger 09. The gases which 
emanate from combustor 01 0 are fed into heat exchang- 
er 09 and heat is transferred therein to preheat the sup- 
ply air which is then fed through line 04a to a cathode 
entrance of fuel cell 04. The exhaust from heat ex- 
change 09 is vented through line 01 1 ; an air compressor 
or blower (not shown) is located upstream of heat ex- 
change 09 to provide the driving force for the supply air 
to fuel cell 04. 

[0039] In the solid electrolyte fuel cell power generat- 
ing system of the invention, a portion of the fuel exhaust 
gas which emanates from an anode exit of the SOFC 
after power generation is recycled to an anode entrance 
of the SOFC via a regeneration heat exchanger and a 
condenser which lowers the partial vapor pressure of 
the recycled gas. As a result, the electromotive force of 
the cell is prevented from being reduced and the effi- 
ciency of the system is increased. 
[0040] As noted above, in the solid electrolyte fuel cell 
power generating system of the invention, a portion of 
the high-temperature exhaust gas emanating from the 
anode exit of the SOFC is first cooled by heat exchange 
in a regeneration heat exchanger with a low-tempera- 
ture recycled gas. The low-temperature recycled gas 
was further cooled in a condenser such that excessive 
water in the exhaust gas is removed by condensation. 
As a result, the partial vapor pressure of the recycled 
exhaust gas stream can be maintained at a low level, 
and the performance of the system can be improved, 
thereby increasing the electromotive force which can be 
derived from the system. 

[0041] A further attribute of the system of the invention 
is that the circulating blower, through which the gases 
pass after exiting the condenser, operates at room tem- 
perature, thereby permitting adjustment of the flow rate 
through the blower over a wide range. In addition, unre- 
acted hydrogen and hydrocarbons in the exhaust gas 
which emanates from the fuel cell can be efficiently uti- 
lized, thereby improving the level of power generation 
which can be derived from the system. 
[0042] Additionally, it should be noted that in the sys- 
tem of the invention, the regeneration heat exchanger 
positioned downstream of the circulating blower does 
not entail any extra energy consumption since cooling 
and healing of the recycled exhaust gas can be per- 
formed with respective sensible heat retention. Accord- 
ingly, the system of the invention operates with a high 
level of efficiency. 

[0043] It should be understood that the particular fea- 
tures and parameters set forth above are for illustrative 
purposes and not by way of limitation. The solid electro- 
lyte power generation system of the invention is defined 
by the claims which follow. 



Claims 

1 . A solid electrolyte fuel cell power generating system 
comprising: 

5 

a) a solid electrolyte fuel cell containing an an- 
ode, an anode fuel inlet and an anode exhaust 
gas outlet, a fuel source in communication with 
the anode inlet, a cathode, a cathode oxidant 

w inlet and a cathode exhaust oxidant outlet, an 

oxidant source in communication with the cath- 
ode oxidant inlet; and 

b) means for recycling at least part of an ex- 
haust gas stream emanating from the anode 

75 exhaust gas outlet to the anode inlet, said 

means comprising a first heat exchanger in 
communication with the anode exhaust gas 
outlet, a condenser in communication with the 
first heat exchanger and a first combustor in 

20 communication with the First heat exchanger 

and the anode inlet. 

2. A system as claimed in Claim 1, wherein the means 
further includes a reformer in communication with 

25 the fuel source, the anodo exhaust gas outlet and 
the first heat exchanger. 

3. A system as claimed in Claim 1 or Claim 2, wherein 
the means further includes a second combustor in 

30 communication with the cathode air exhaust outlet 
for combusting: (a) an oxidant exhaust stream em- 
anating from the cathode oxidant exhaust outlet and 
(b) at least part of the anode exhaust gas stream 
emanating from the anode exhaust gas outlet, said 

35 second combustor also being in communication 
with a second heat exchanger which is in commu- 
nication with the oxidant source and the cathode ox- 
idant inlet. 

40 4. A method of operating a solid electrolyte fuel cell 
power generating system which utilizes hydrogen 
or a gaseous hydrocarbon as a fuel source and an 
oxidant source, said fuel cell containing an anode, 
an anode fuel inlet with the fuel source and an an- 

45 ode exhaust gas outlet, a cathode, a cathode oxi- 
dant inlet in communication with the oxidant inlet 
and a cathode exhaust oxidant outlet, which com- 
prises: 

so a) heat exchanging at least part of an exhaust 

gas stream which emanates from the anode ex- 
haust gas outlet; 

b) condensing the resultant heat-exchanged 
exhaust gas stream; and 
55 c) recycling the resultant condensate to the an- 

ode fuel inlet. 

5. A method as claimed in Claim 4, wherein the fuel 
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comprises a gaseous hydrocarbon. 

6. A method as claimed in Claim 5, wherein the gas- 
eous hydrocarbon comprises methane. 

5 

7. A method as claimed in any of Claims 4-6, wherein 
the oxidant comprises air. 

8. A method as claimed in any of Claims 4-7, wherein 

at least part of the exhaust gas stream which ema- w 
nates from the exhaust gas outlet is reformed prior 
to being heat-exchanged. 

9. A method as claimed in any of Claims 4-8, wherein 

at least part of the exhaust gas stream which ema- is 
nates from the exhaust gas outlet is combusted and 
the combusted exhaust gas stream is thereafter 
heat-exchanged so as to transfer the heat of com- 
bustion to the oxidant which is passed to the cath- 
ode oxidant inlet. 20 

10. A method as claimed in any of Claims 4-9, wherein 
the fuel cell is operated at a temperature in the 
range of about 900 to 1 ,100°C. 

25 
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